Ykt6p is a nonsyntaxin SNARE implicated in multiple intracellular membrane trafficking steps. Here we present the structure of the NH 2 -terminal domain of Ykt6p (Ykt6pN, residues 1 to 140). The structure of Ykt6pN differed entirely from that of syntaxin and resembled the overall fold of the actin regulatory protein, profilin. Like some syntaxins, Ykt6p adopted a folded back conformation in which Ykt6pN bound to its COOH-terminal core domain. The NH 2 -terminal domain plays an important biological role in the function of Ykt6p, which in vitro studies revealed to include influencing the kinetics and proper assembly of SNARE complexes.
The secretory pathway of eukaryotic cells is comprised of a number of distinct membranebound compartments between which proteins and lipids are transported in vesicles that pinch off from one membrane and fuse with another. Targeting and fusion of vesicles is mediated in part by specific interactions between integral membrane proteins on the vesicles and target organelles; these are soluble N-ethylmaleimide-sensitive factor attachment receptor proteins, termed v-SNAREs and tSNAREs, respectively (1, 2) . However, a single SNARE can operate in more than one transport step as well as interact with several different SNARE binding partners (3) . Previous structural studies have been restricted to the syntaxin SNARE family members (4) (5) (6) (7) (8) (9) (10) (11) . Here, we determined the atomic structure of Ykt6p, a nonsyntaxin SNARE in solution, by nuclear magnetic resonance (NMR) spectroscopy. We chose Ykt6p because it is an evolutionarily conserved protein that is involved in multiple intracellular transport steps and thus is likely to be subject to regulatory control (12-14).
Extensive experimental trials showed that full-length Ykt6p is not amenable to structural determination by NMR. Marked improvements in the quality of the NMR spectra were obtained for Ykt6p lacking the COOH-terminal core (the SNARE-SNARE binding domain, residues 141 to 200). The structure of the NH 2 -terminal domain of Ykt6p (Ykt6pN, residues 1 to 140) was determined from a total of 2515 NMR-derived restraints (15). The backbone of Ykt6pN was well-defined ( Fig. 1A) and consisted of five ␤ strands and four ␣ helices (Fig. 1B) . The five ␤ strands were arranged in an ␤II-␤I-␤V-␤IV-␤III antiparallel ␤ sheet, sandwiched by the ␣A and ␣B/␣D helices (Fig. 1B) . A short ␣ helix (␣C) in the linker region connected ␣B and ␣D. The overall fold of Ykt6pN was similar to that of the cytoskeletal regulatory protein profilin (16) and is entirely different from the NH 2 -terminal domain of the syntaxins [the Habc domain, which forms a three ␣-helical bundle (4-11)]. Although the structure of full-length Ykt6p could not be determined, elucidation of the relationship between the NH 2 -and COOH-domains is essential in order to understand the function of the protein.
Using a number of experimental approaches, we directly addressed this relationship. Inspection of the molecular surface of Ykt6pN revealed a prominent hydrophobic surface on one side of the molecule comprised of several evolutionarily conserved amino acids (Phe31, Phe39, Phe42, and Phe43, see Fig. 1C and Fig. 2, A and D) . This hydrophobic "patch" might represent a protein-binding surface for Ykt6pN, and despite the structural dissimilarities between Ykt6pN and syntaxin Habc, the hydrophobic surface of the core domain of Ykt6p might be a potential binding partner for Ykt6pN. Thus, we compared the 1 H, 15 N-HSQC (heteronuclear single-quantum coherence) spectra of Ykt6pN with those of Ykt6pNC (Ykt6pN plus the NH 2 -terminal two heptad-repeats of the core domain, residues 1 to 151), and full-length Ykt6p (Fig. 2C ). Consistent with a direct interaction between the core domain of Ykt6p and the NH 2 -terminal domain, inclusion of the entire core domain resulted in chemical shift changes for a number of amino acid residues in the NH 2 -terminal domain of the protein (Fig. 2 , B and C). By using a minimal chemical shift perturbation approach (17), the chemical shift changes in the NH 2 -domain of Ykt6p that result from interaction with its core domain were summarized (Fig.  2B ). Amino acid residues from ␤III and ␣A were involved in binding to the core domain of the protein. In contrast, no significant chemical shift changes were observed for residues in ␤III and ␣A when Ykt6pN was extended by only two heptad-repeats into the core domain (Ykt6pNC, see Fig. 2C ). Thus, the COOH-terminal part of the core domain was in direct contact with ␤III and ␣A.
To distinguish between an inter-and an intramolecular basis for the observed interactions between the NH 2 -and COOH-terminal domains of Ykt6p, we analyzed the molecular masses of Ykt6p and Ykt6pN using gelfiltration chromatography. Both Ykt6pN and Ykt6p eluted at molecular masses indicative of their being monomers, consistent with an intramolecular interaction between the core domain and the NH 2 -terminal domain (Fig.  3A) . In addition, gel-filtration chromatography studies revealed that the core domain of Ykt6p (residues 136 to 200) forms a highmolecular-mass aggregate (18). Apparently the core domain in full-length Ykt6p was sequestered, via interaction with its NH 2 -domain, thereby preventing it from forming aggregates.
If the hydrophobic surface of Ykt6p ( Fig.  2A) were involved in binding to the core domain of the protein, amino acid substitutions at conserved residues in this region would be expected to impair the interaction between the NH 2 -and COOH-domains of Ykt6p. Indeed, substitution (19) of a polar 3B ). Mutation of Glu for Phe at residue 42 did not alter the overall conformation of Ykt6pN, as only a few amino acid residues in the immediate vicinity of residue 42 experienced mutation-induced chemical shift changes. In contrast, a number of sharp resonances, corresponding to the amino acids in the core domain, were observed in the 1 H, 15 N-HSQC spectrum of full-length Phe42Glu-Ykt6p, suggesting that the core domain of the mutant was less structured than the wild-type protein (18). However, we observed significant chemical shift changes in the NH 2 -terminal domain of Phe42Glu-Ykt6p (Fig. 2B ) when compared with Ykt6pN, suggesting that the core and NH 2 -terminal domains of the mutant protein could still interact with one another ( perhaps indicative of a "semi-open" conformation). In agreement with these findings, Phe42Glu-Ykt6p had a somewhat smaller elution volume than the wild-type protein (Fig 3A) .
To determine whether the altered gel-filtration profile for Phe42Glu-Ykt6p was a direct result of disruption of the intramolecular interaction between the NH 2 -and COOH-termini of the protein, we used a yeast two-hybrid assay. Consistent with our prediction, the NH 2 -domain of Ykt6p (residues 1 to 134) interacted with the core domain of Ykt6p (residues 136 to 200). However, the mutant NH 2 -domain (Phe42Glu, residues 1 to 134) did not interact with the core domain (Fig. 3C) , which is likely to be a result of disruption of the hydrophobic surface of the mutant protein. In contrast, neither the NH 2 -domain nor the core domain interacted with full-length Ykt6p, presumably because of stronger intramolecular interactions between the core and the NH 2 -domain in the intact protein. In agreement with this view, the NH 2 -domain interacted with Phe42Glu-Ykt6p, as this amino acid substitution would alter the intramolecular association of the NH 2 -domain with the core domain of Ykt6p. Thus, the nature of the interaction between the NH 2 -and COOH-domains of Ykt6p was intramolecular, and alteration of this association dramatically changed the functional properties of the protein (Fig. 3) . In this regard, the NH 2 -domain of Ykt6p [and Habc domain of the yeast syntaxin Sso1p, (5)] may serve as an intramolecular chaperone for the unassembled COOH-terminal SNARE-binding core domain of the protein, as the semi-open conformational mutant, Phe42Glu-Ykt6p, is unstable in vivo (18). Substitution of Ala for Phe at position 42 did not result in loss-of-function or protein instability (Fig. 3F) ; however, Phe42Ala-ykt6 cells were cold-sensitive and exhibited defects in protein trafficking (20), which revealed a critical biological role for the NH 2 -domain of Ykt6p (Fig. 3E) .
As has been demonstrated for the yeast syntaxin Sso1p (5), we sought to correlate changes in the relative rates of complex assembly with mutations predicted to disrupt the closed conformation of Ykt6p. In vitro mixing experiments (21) revealed that relative to the wildtype protein, Phe42Glu-Ykt6p accelerated the formation of one SNARE complex about threefold (22) consistent with a semi-open "partially activated" conformation of the mutant protein (Fig. 3D) . Although the effect of Phe42Glu-Ykt6p on SNARE complex formation was comparatively modest (5), the folded-back conformation of Ykt6p may play a more substantial role in the kinetics of complex formation in vivo, particularly for complexes in which the syntaxin family member does not adopt a closed conformation (11) . Additional in vitro mixing studies revealed that Phe42Glu-Yktp6 displayed altered SNARE-pairing specificity (20), which suggested that contact-induced conformational changes in Ykt6p that occur upon activation of the protein may influence the specificity of SNARE-pairing (24, 25) in vivo.
We have shown that the NH 2 -terminal domain of the nonsyntaxin SNARE Ykt6p adopts a profilin-like fold in solution and that this domain plays a critical biological role in the function of this protein. In vitro studies revealed that alterations to the folded-back "closed" conformation of Ykt6p affected the specificity of SNARE pairing and influenced the kinetics of SNARE complex formation. Thus, Ykt6p is like some syntaxins, in that it adopts a folded-back "autoinhibited" conformation, although the NH 2 -terminal domains of the two classes of SNARE proteins do not Mutations in this region that lead to the lossof-function of Ykt6p are labeled in red. Substitution of Glu for Phe30 or Ile59 results in a somewhat slower growth rate compared with the corresponding wild-type strain (see Fig. 3B ). The figures were generated by using MOLMOL (35) , MOLSCRIPT (36), Raster3D (37) , and GRASP (38) .
share any structural similarity. Autoinhibitory regulation may therefore be a universal feature of SNARE-SNARE interactions. Indeed, for SNAREs, which have domains in addition to the SNARE-binding core and which function in multiple transport steps, an autoinhibitory mechanism that permits temporal and spatial kinetic control of cognate SNARE complex assembly seems likely. Amino acid sequence analysis and structure prediction of another nonsyntaxin SNARE, Sec22p (3), indicated that its NH 2 -terminal domain is likely to adopt a fold similar to that of Ykt6pN. While this manuscript was under review, the crystal structure of the NH 2 -domain of mouse Sec22b was published, supporting our prediction (26) . terminal domain (residues 1 to 140, Ykt6pN), fulllength Ykt6p (residues 1 to 200), and various mutants of the protein were subcloned into a modified version of pET32 vector (Novagen) termed pET32H (in which the S-tag and enterokinase cleavage encoding DNA sequences were removed). Amino acid substitutions in Ykt6p were generated by site-directed mutagenesis (27) . Thioredoxin-fused, His-tagged Ykt6pN was expressed in Escherichia coli BL21(DE3) cells, and the fusion protein was purified by using a Ni 2ϩ -nitrilotriacetic acid (NTA) affinity column. The NH 2 -terminal thioredoxin His-tagged peptide fragment was cleaved by digesting the fusion protein with thrombin, and Ykt6pN was purified by gel filtration. Uniformly 15 N-and 15 N/ 13 C-labeled Ykt6p proteins were prepared by growing the bacteria in M9 minimal medium containing 15 NH 4 Cl with or without 13 C 6 -glucose. NMR samples contained ϳ1.0 mM of Ykt6pN in 100 mM potassium phosphate, pH 6.0, 5 mM d 10 -DT T (dithiothrietol) in 90% H 2 O and 10% D 2 O or 99.9% D 2 O. NMR spectra were acquired at 30°C on a Varian Inova 750-MHz spectrometer. Sequential backbone and nonaromatic, nonexchangeable side-chain resonance assignments of the protein were obtained by standard heteronuclear correlation experiments (28, 29) . The side chains of aromatics were assigned by 1 H two-dimensional (2D) total correlation spectroscopy with nuclear Overhauser effect spectroscopy ( TOCSY/NOESY ) experiments of an unlabeled protein sample in D 2 O. The stereospecific assignment of the Val and Ile methyl groups was obtained by using a 10%
13 C-labeled sample (30) . Approximate interproton distance restraints were derived from NOESY spectra (a 1 H 2D homonuclear NOESY, a 15 N-separated-NOESY and a 13 Cseparated NOESY ). NOEs were grouped into three distance ranges 1.8 to 2.7 Å (1.8 to 2.9 Å for NOEs involving NH protons), 1.8 to 3.3 Å (1.8 to 3.5 Å for NOEs involving NH protons), and 1.8 to 5.0 Å, corresponding to strong, medium, and weak NOEs. Hydrogen bonding restraints (two per hydrogen bond where r NH-O ϭ 1.8 to 2.2 Å and r N-O ϭ 2.2 to 3.3 Å) were generated from the standard secondary structure of the protein on the basis of the NOE patterns and the backbone secondary chemical shifts. Backbone dihedral angle restraints ( and angles) were derived from 3 J HN␣ coupling constants measured by using an HNHA experiment and backbone chemical shift analysis program TALOS (31). Structures were calculated by using the program CNS (32 Phe42Ala cells accumulate p1 carboxypeptidase Y (CPY ) at 12°C and miss-sort p2 CPY at 30°C. mCPY (mature form), p1 CPY (endoplasmic reticulum-modified form), p2 CPY (Golgimodified form). (F) Phe42Ala-ykt6p is stable. Phe42Ala-ykt6 and wild-type ( YKT6) yeast strains were grown at 12°C or 30°C to an optical density OD 660 of 0.6 and 1.5 OD 660 equivalents of total yeast protein were assayed by immunodetection with antibodies against Ykt6p. 21 . The (His) 6 -ykt6 (Phe42Glu) p expression construct was generated by replacing the wild-type YKT6 fragment from (His) 6 -Ykt6p with the corresponding fragment of ykt6 (encoding ykt6 (Phe42Glu) p). SNARE binding assays were performed essentially as described previously (14, 24) . Purified recombinant SNARE proteins were added to the washed GST-Vti1p bead slurry in a final volume of 750 l. (His) 6 -Sed5p and (His) 6 -Tlg1p were detected by immunostaining with an antibody against His 6 (14, 24) and Phe42Glu-Ykt6p was detected by immunostaining with affinitypurified Ykt6p antiserum. 22. Band intensity was converted to arbitrary units by densitometry. The initial relative velocities at which Sed5p and Ykt6p were incorporated into the SNARE complex were determined from the slopes obtained by plotting arbitrary units against time. This was done for the data points up to and including 60 min (for Phe42Glu-Ykt6p) and 120 min (for Ykt6p), during which time the velocity was found to be constant. The relative differences in the observed velocities were expressed as a ratio of the Phe42Glu/Wild-type slopes. 23. Supplementary material is available on Science On-
